This study examined whether the effect of subsidiary tasks on driving performance can be predicted from stationary ( static) testing.
INTRODUCTION
While it is possible to measure driving performance using instrumented vehicles on the road (e.g., by measuring number and length of lane departures, speed, headway, and time to respond to roadway objects, etc.), such testing requires the use of a drivable vehicle. Typically, prototype in-vehicle information systems capable of being tested in a drivable vehicle emerge only late in product development cycles. It would be useful to have valid and reliable methods that could be applied early in product development (long before on-road testing is possible) to identify potential effects of carrying out discretionary tasks while driving. If such early testing methods could be found, they would allow tasks and user interfaces to be improved and more fully optimized through iterative design --in advance of any on-road verification of usability later in product development.
At present, there appear to be no published methods for doing assessments of this type that have been satisfactorily proven valid and reliable for predicting onroad driving performance.
Although a number of methods have been proposed, research has only recently begun to address the strength of their relationship to driving performance measures (e.g., Farber, Blanco, Foley, Curry, Greenberg, & Serafin, 2000; Tijerina, Parmer, & Goodman, 2000; Hashimoto & Atsumi, 2001 ). The study reported here is an attempt to examine the extent to which effects of using advanced information systems on driving performance can be predicted or identified by simple methods applied in static settings early in system design. In particular, this study examined whether measures obtained from either task analysis or from static testing yield results that can predict on-road driver performance.
In today's vehicles, drivers manage multiple tasks, including both "primary" driving tasks -and "secondary" activities that they may want or need to perform in the vehicle while en route to a destination. To examine how such multitasking may affect performance of primary driving tasks, it was deemed important to develop a test scenario carefully. In particular, it was deemed important to include in the test scenario those elements of the primary task that impose a workload or demand on key resources that the driver uses during driving (e.g., perceptual, attentional, and response resources). Therefore, for the purposes of the study reported here, consideration was given to the primary driving tasks that a driver manages in "real-world" driving. These included (1) controlling the vehicle's movement, path, and speed; (2) maintaining awareness of the road and traffic situation; (3) detecting and responding to roadway events; (4) operating and monitoring vehicle systems; and (5) making decisions about maneuvers. Navigating to a destination, maneuvering in traffic, and communicating with road-users (horn, turn signals, etc.) are also normally done in "real-world" driving, and were considered for inclusion in the test scenario. However, the on-road testing here was on a two-lane highway closed to other traffic -and, as such, could not include the elements of wayfinding, maneuvering in traffic, or communicating with or reacting to other road users.
The test scenario used in this study was that of driving a segment of normal highway road (with curves, hills, and bridges, but no intersections). This road segment was closed to other traffic. 1 Drivers were asked to maintain lane position, and control speed at 40 mph (plus or minus 5 mph). In addition, in an attempt to represent the processes associated with detecting and responding to roadway objects and events during driving (and in an attempt to obtain a measure of drivers' responsiveness to such events), we employed a variation on "Peripheral Detection Tasks" used by others (cf. Burns & Olsson (2000) , Martens & van Winsum (2000) , van Winsum, Martens & Herland (1999) ). We illuminated small red lights at unpredictable times in the forward view of the driver or in the peripheral view of the driver (in an attempt to 'emulate,' for example, having to respond to unexpected braking by a vehicle in traffic). The lights appeared in one of two positions -directly in front of the driver near the front-end of the vehicle's hood, or near the top of the left outside rear-view mirror. The particular light illuminated on any given trial was randomized. The light remained on until the driver responded to it. Once the driver responded, the time to the onset of the next light was also randomized, in the range of 3 to 6 seconds. Note that this variation presented visual targets for detection at a central as well as peripheral location. Therefore, it is referred to as the "Visual Event Detection Task" to distinguish it from peripheral-only versions of this task that have been employed by other researchers. It was hoped that the inclusion of both central and peripheral lights would permit an examination of any "cognitive tunneling" effects that might emerge under levels of high driver workload (Martens and van Winsum, 2000) . The expectation was that detection of peripheral lights might degrade more than detection of centrally located lights. Drivers responded to the lights with a press of the brake pedal, which was intended to make the response modality as natural as possible and to provide consistency with stimulus-response mappings that are routinely used in driving for responding to events on or near the roadway.
In addition to driving in the test scenarios just described, drivers in this study were asked to perform secondary tasks.
Secondary tasks which are sometimes undertaken by drivers on the road today include such activities as conversing with other passengers, eating, drinking, grooming, listening to audio entertainment, using portable devices, placing phone calls, and many others. In the future, this set of secondary tasks might expand beyond these -and may potentially include such activities as access to advanced information sources, Internet access, email access, and others. For the purpose of this study, we chose to focus on secondary tasks that involve the use of in-vehicle devices. The tasks chosen were selected from the categories of navigation tasks (e.g., route destination entry, address book entry), communications tasks (e.g., phone tasks), advanced information tasks, and Internet access tasks (e.g., accessing sports stories). We also included conventional and other tasks that are currently done in the vehicle (e.g., use of heating, ventilating, and air conditioning controls (HVAC), and use of handheld portable cell phones).
The secondary task workload associated with the selected set of tasks ranged from low to high (between 2 and 30 steps-to-complete), and thus was suitable for determining whether simple static measures would correspond to measures obtained in onroad testing while drivers were concurrently managing a secondary task workload while driving.
Alternative methods for obtaining early "proxy" measures of workload imposed by in-vehicle systems include task analysis, computer-based models (Hankey, Dingus, Hanowski, and Wierwille, 2000), full-task simulation testing, static part-task simulation testing, and extremely simple static tests.
For example, The Society of Automotive Engineers (Ref. 10) had at one time proposed the use of static task completion time (the time required for an operator to complete an in-vehicle task, when performing that task with undivided attention in a stationary, static setting) as a proxy for the workload demand placed on drivers by certain types of tasks. Similarly, automatic visual occlusion techniques have also been proposed for use in a static test setting (Hashimoto & Atsumi, 2001) .
Still other simple measures and methods could also be explored. In this study, we investigated the use of several relatively simple methods and measures that could be applied early in a development cycle.
Using the test scenarios, tasks, and measurement methods described above, a study evaluated the usefulness of simple methods for early prediction of driver performance. It focused on how well static testing predicts effects of secondary tasks upon on-road driving performance. Two types of static test methods were used. One, called the "Static Load" method, used a procedure in which subjects concurrently performed a secondary task using an in-vehicle system while performing a partial "emulation" of the demands of primary driving tasks. The second (called the "Static NoLoad" or "Stopwatch" method) used a procedure in which subjects could give their undivided attention to the secondary in-vehicle device tasks (and were not required to perform any concurrent driving-like tasks). The same training and testing protocols (single demonstration, training and test trials) were used in both methods.
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METHOD
SUBJECTS
Subjects were licensed drivers, not previously familiar with, nor technically knowledgeable about, the systems under investigation. This restriction ensured that variation in prior experience would not bias the results. All subjects were recruited from the greater Blacksburg/Roanoke area in Virginia, via newspaper advertisement, and screened by telephone survey. Equal numbers of subjects were assigned to two age groups: 18-34 and 45-65 years. Gender was a controlled variable, with an equal number of males and females assigned to each experimental condition. A total of 24 paid subjects participated in the study.
EXPERIMENTAL DESIGN
A mixed-factorial design assessed the extent to which driving performance on the road could be predicted from performance in static tests.
Three variables were manipulated between subjects. The first was the variable of 'Vehicle System.' There were two types, Vehicle System 1 and Vehicle System 2.
The other two variables manipulated between subjects were 'Driver Age' (Younger, Older), and 'Gender' (Male, Female). The 2 x 2 x 2 combination of these levels resulted in eight different sets of subjects. Three subjects were tested in each set (for a total of 24 participants altogether). In other words, twelve subjects were tested in each of the two vehicle systems, with half of these being from the younger age category (18 -34 years old) and half from the older age category (45 -65 years old). In addition, within each age group, half the subjects were men and half were women.
Two additional independent variables were manipulated within subjects: 'Test Method' with three conditions (OnRoad, Static Load, and Static No-Load) and 'Tasks' (five per vehicle). A given subject performed each of the five tasks in a vehicle under each of the three test methods. There were thus fifteen test trials undertaken by every individual test participant. The order in which subjects experienced the various test methods was fully counterbalanced, with one-third of the subjects in each vehicle group receiving the On-Road method first, onethird receiving the Static Load method first, and one-third receiving the Static No-Load method first. The order of the five tasks in each vehicle was individually randomized for each subject. All tasks reported here used a visual-manual interface. The number of steps to complete the tasks ranged between 2 and 30 steps. Three tasks could be performed in both vehicles:
• Call 'son' using a pre-stored visual tag, which was the eighth item on a list.
• Call home using 10-digit manual dialing on a standard hand-held cellular phone.
• Increase HVAC fan speed two notches.
In addition, two tasks were tested on Vehicle System 2 that could not be performed on Vehicle System 1:
• Listen to weather prediction for tomorrow.
• Get directions to a fixed address: 1100 Main Ave.
Similarly, two tasks were tested in Vehicle System 1 that could not be performed in Vehicle System 2:
• Read fourth story in the sports channel (this involved Internet access).
• Enter '1100 Main' as a home street address in the address book.
DEPENDENT MEASURES Dependent measures of secondary task workload and some of its effects are listed below and described in the 'Definitions' section.
Measures of primary driving performance obtained during on-road testing are also listed below and described under 'Definitions.' Each dependent measure is shown under the heading of the method used to investigate it.
Task Analysis Method
This method can be used just with a design consisting of screen layouts and logic of functions and features. No subjects or equipment are needed. The measure is:
Estimated Number of Steps to Complete a Task Static No-Load (Stopwatch) Method
This static method is also termed the Stopwatch Method because only a stopwatch is needed for obtaining measurements. The subject gives undivided attention to the secondary task (implemented in a virtual prototype or in system hardware). Note that measures 2 to 6 were obtained in both types of static testing techniques, and 3-6 on the road. 4 Measures 7 to 15 were obtained in the static-load and on-road conditions, but not in the static no-load condition. Finally, measures 16 and 17 could be obtained only on the road with these simple static methods.
FACILITIES AND APPARATUS
The study was conducted at the Virginia Tech Transportation Institute (VTTI). VTTI is housed in a 30,000 square-foot building located in Blacksburg, Virginia, at the western end of Virginia's "Smart Road." The building houses the Smart Road Control Center and a fully staffed garage and shop for experimental vehicles.
On-Road Testing
On-road testing was conducted on the Virginia Smart Road. The Smart Road at the time of the study was a 1.7-mile two-lane, interstate highway with a banked turnaround at one end and a slower speed turn-around at the other end. 1 The road was closed to traffic (other than the vehicles involved in the testing). The one-mile long central portion of this roadway was used for the study. The road has a center yellow line for determination of leftward lane violations as well as an uphill and downhill portion. Orange traffic barrels were used to mark areas of acceleration and deceleration, and traffic cones to mark test starting points, as described in the "Procedure" section.
Static Testing
Indoor garage facilities were used to conduct static tests. Privacy curtains were installed around vehicles in the experimental region of the garage. Doors leading to the study area were locked in order to prevent inadvertent interruption of subjects by other people entering the area.
Vehicle Properties and Advanced Information Systems
Two vehicle properties were delivered to the experimental site. One vehicle was a sedan, the other a sport-utility vehicle. A different manufacturer made each vehicle. An in-vehicle information system had been installed in each vehicle. The functions offered by the two systems were overlapping, but not identical. The vehicles and their systems were selected so that several types of tasks could be performed with them, including communications, navigation, entertainment, advanced information, and Internet tasks. One of the systems was an experimental prototype for demonstration purposes, which was not scheduled for production then or now; the other was a commercial system.
Vehicle Instrumentation
All vehicle instrumentation and data collection equipment was designed and programmed by VTTI. An IBM PC laptop collected data, provided an interface between equipment components, and ran real-time software. A standard Panasonic S-VHS video recorder recorded the images from four strategically placed miniature pinhole black-and-white video cameras. The recorded images were: the driver's face; the forward road view; an overthe-shoulder view of the in-vehicle system, steering wheel, and driver's hands; and an up-close image of the speedometer. The four images were combined onto a six-inch Sony LCD and Super VHS tape by a standard video multiplexer. Software recorded the video frame number and the in-vehicle task number as titles on the recorded images.
An auto-gain microphone was installed on the vehicle near the driver.
The rear-seat experimenter (computer operator) used a pushbutton box in the rear seat to track the start and stop of tasks and the number of glances to the display. Glances to the display were counted in real time during testing by the computer operator viewing the appropriate quadrant of the multi-display on the monitor. Glances were verified 'off-line' using frame-by-frame analysis after the test session. A second pushbutton box allowed the front-seat experimenter (moderator) to record lane and speed deviations in real-time during testing.
The instrumentation for the Visual Event Detection Task consisted of two lights mounted on the vehicle (intended conceptually to emulate visual roadway events), together with software to control their presentation. One light was mounted on the driver's side of the hood. A second light was mounted above the driver's left outside mirror. One or the other light would turn on randomly three to six seconds after the brake pedal had been pressed in response to a prior light event. The light that came on in that period (hood or side) was also randomly determined. The light turned off when the driver depressed the brake pedal. The lights were red in color and 1.5 inches by 1 inch in size for the side mirror light, and 2.5 inches by 1 inch in size for the hood light (similar to small taillights). During early data collection runs, it was determined that reflectance of direct rays from the sun off the front surface of the lens of the lights was interfering at times with visibility of the event lights. Therefore, shields were added around the lights to help protect them from sunlight interference in the on-road condition. Also, a black material was taped on the hood between the hood light and the driver to prevent secondary reflectance of sunlight from the hood onto the light.
Instrumentation for the Static Load Method consisted of a video monitor placed on a cart at the end of the vehicle hood, directly in front of the driver. A VCR displayed a recorded driving scene on the monitor (Figure 1 ). The forward event light was placed below the line of sight to the bottom of the monitor. All other instrumentation with which the vehicle had been equipped for on-road conditions remained in the vehicle for the Static Load Method (including that for the Visual Event Detection Task).
For the Static No-Load (Stopwatch) Method, no video monitor or VCR was used. Drivers had no tasks to perform other than on the invehicle system.
PROCEDURE
PRE-EXPERIMENTAL PROCEDURE
The research staff was trained in advance of testing. The moderators in the front seat of vehicles had a number of years prior experience in driver performance testing and in judging lane deviations. The computer operators were trained in running the equipment and judging eye movements before serving in their role. Post-hoc videotape analysts were experienced and already trained in methods of videotape analysis of eye movements.
When testing began, a research staff member verified that the subject was a licensed driver. Each subject was then given an Informed Consent Form to read and sign. The subject participated in a Snellen Eye Chart vision test and an informal hearing test that required the subject to repeat back four sentences.
A preliminary questionnaire was administered, and instructions were given regarding the specific activities in which the test participant would be taking part. The subjective rating questions and scales were explained.
EXPERIMENTAL PROCEDURE
The subject was seated in a test vehicle and shown basic controls for seat adjustment, mirror adjustment, and so forth --and asked to position himself or herself comfortably to drive the vehicle. The subject was then shown the advanced information system with which he or she would be interacting, and given a brief explanation by the moderator of what the system did and how it worked. The subject was asked to read something on the display to make sure that it could be seen clearly. The subject was also shown the vehicle controls needed to complete the tasks that would be performed. To reinforce instruction on the subjective rating questions and scales, the moderator reviewed the questions and scales (see "Definitions"). While the moderator was introducing the subject to the vehicle and the experiment, the computer operator prepared the vehicle computer system for data collection. Once the vehicle was ready for data collection, the subjects performed in-vehicle tasks using one of the three experimental methods compared in this study: Static Load, Static No-Load, or On-Road.
Basic Protocol
Subjects were tested in the On-Road condition on the Smart Road and in two static conditions inside a designated area in the VTTI garage. The order in which subjects experienced the test conditions was counterbalanced. The procedures for both On-Road and Static Load test methods were similar, differing only in that for the Static Load method, subjects did not actually drive, but were tested in a stationary vehicle and asked to view a videotaped driving scene while also performing the visual event detection task (which was the same as the one used On-Road). Under both the On-Road and Static Load methods, the subject received one task demonstration session performed by the moderator, followed by one practice session by the subject, immediately before being given a test trial for each invehicle task. The practice session was done until the subject successfully completed the task once. 3 During the demonstration and practice training sessions, the subject was allowed to ask the moderator questions regarding use of the system. The subject then performed the task independently, with no comments or interaction with the experimenters. The training for each task was done immediately prior to that task's test trial.
However, in the Static No-Load method, subjects were not required to view the videotaped driving scene or perform the visual event detection task. They were allowed to devote all of their attention to the use of the invehicle system. In all other respects, however, the procedure was the same as for the Static Load condition.
THE ON-ROAD DRIVING PROCEDURE
Two training areas were designated at opposite ends of the Smart Road. Barrels and cones were set up in advance of testing so that when leaving either training area, the vehicle would first pass a pair of "Start" barrels on the right and left sides of the road.
The barrels marked the point by which the subject was to have accelerated to 40-mph. After passing the barrels, the vehicle would pass a cone on the right side of the road, exactly 0.1-mile from the start barrels. The cone marked the point at which the moderator would tell the subject to begin a task. The subject then had 0.9-mile driving at the nominal speed of 40-mph to complete the task (about 81 seconds). A pair of barrels at the end of the road marked the "End" barrels by which the subject would be asked to stop the task if it had not already been completed. The subject would then decelerate to a stop at the next training area. The subject would then go in the opposite direction on the road for the next test trial, and so forth.
One to three vehicles could be on the road at any one time. When two or three vehicles were required to be on the road at one time, traffic controllers were in the Smart Road Control Center. Via two-way radio communications with in-vehicle experimenters, traffic controllers managed the vehicles on the Smart Road to assure adequate spacing between vehicles. Specifically, vehicles were not permitted to travel in opposing directions in order to assure that a head-on collision would not be possible. In addition, vehicles traveling in the same direction were cued such that a minimum 1500-foot spacing was in effect at all times.
Training
The subject was directed to drive the vehicle out to the Smart Road to the first training area and stop the vehicle. The subject was informed that he or she was parked at one training area and that there was another training area at the other end of the road. The moderator told the subject that he or she would be asked to accelerate to 40-mph by the time the vehicle reached the first pair of barrels and maintain that speed until reaching the pair of barrels at the other end of the road. In addition, the subject was told that driving was the primary task and that it was important to maintain the 40-mph speed and the lane position. The moderator told the subject that while driving, he or she would also need to monitor the lights on the hood and side mirror, and tap the brake when one of the lights came on. The subject was further told that he or she would be asked to perform tasks on the advanced information system only after the moderator said, "Begin." A subject was told to say, "Done" when he or she believed they had finished a task.
Orientation Trials
There were three orientation trials (done on a one-time basis for each subject) before the actual test trials. The orientation trials assisted the subject in fully understanding the experimental protocol and the roadway before the actual testing began. For the first orientation trial, the subject was asked to simply drive the vehicle to the opposite end of the road while maintaining the 40-mph speed and lane position. If necessary, the moderator instructed the subject to maintain speed or lane position. When the subject passed the second pair of barrels, the moderator told the computer operator to press the "Stop" button. To familiarize them further with the use of the subjective scales, the computer operator then asked the subject to give ratings of subjective workload and situation awareness.
For the second orientation trial, the subject performed the visual event detection task, in addition to maintaining speed and lane position. The subject accelerated to 40-mph at the first pair of barrels. When the vehicle passed the traffic cone, the moderator said, "Begin," the computer operator pressed the "Start" button, and the subject began to perform the visual event detection task. When the vehicle passed the second pair of barrels, the moderator told the subject to stop performing visual event detection and the computer operator pressed the "Stop" button. Again, the subject was asked to provide the subjective ratings.
The third (final) orientation trial was conducted just as a normal task trial would be conducted. In a normal task trial, the subject received one task demonstration session on the task they were to perform using an invehicle system, followed by one practice trial on that task. However, for the purposes of the orientation trial, a task was deliberately selected that was not part of the task set actually tested, and was not part of the in-vehicle information system. The task chosen for this orientation trial was "Turn on the vehicle's hazard lights," and was performed with the conventional hazard light interface. After the task demonstration trial and one successful practice trial on the orientation task, the moderator then asked the subject to drive from the training area onto the road. When the vehicle passed the cone, the moderator said, "Begin" to tell the subject to start the in-vehicle task. When the moderator said, "Begin," the computer operator pushed the "Start" button. The subject drove the vehicle while maintaining speed, lane position, performing the Visual Event Detection Task, and performing the in-vehicle task of turning on the hazard lights. The subject performed the task and said, "Done" when finished, at which time the computer operator pushed the "Stop" button.
Between the time the computer operator pushed the "Start" button and the "Stop" Button, the moderator tracked lane and speed deviations. During these orientation trials, if the speed dropped below 35-mph or went above 45-mph, or if the subject started to drift considerably out of the lane (such that the vehicle appeared likely to wander entirely onto the shoulder or entirely into the adjacent lane without intervention by the moderator), the moderator would say, "Speed" or "Road." Moderators did this only during orientation trials --and provided no feedback on any aspect of performance either during or after the actual test trials. The computer operator counted glances to the in-vehicle device for each task. Once the trial was complete, the computer operator asked the subject to provide their subjective workload and situation awareness ratings.
Task Trials
The task trials were conducted using the same procedure as the third orientation trial. Task types included use of the following subsystems: communication, entertainment, navigation, Internet, address book, and conventional tasks currently done in vehicles today (depending upon which could be performed in the specific vehicle being used by the test participant). Note that the task list was not identical for the two specific vehicles tested since the systems installed in them did not have the same capabilities. Only one secondary task was done in each test trial.
THE STATIC LOAD PROCEDURE
For the trials conducted in the Static Load condition, subjects were seated in a stationary vehicle with their hands on the steering wheel and feet on the pedals, just as if they were driving. They viewed a videotaped road scene while performing the same visual event detection task that was performed in the on-road procedure -and concurrently carried out a secondary task upon request by the moderator. The videotaped road scene appeared on a video monitor that was positioned on a cart at the end of the vehicle hood, directly in front of the driver. 5 To become accustomed to viewing the driving scene and performing the visual event detection task, the subject initially practiced both of these for a 90-second orientation trial. The subject then did the same training and "turning on the hazard lights" task done in the OnRoad condition, but was also asked to monitor the roadway on the television screen and also respond to the hood and side lights (that is, they received one task demonstration session followed by one successful practice session). 3 The demo and training trials were then given immediately before each task's test trial. For an actual test trial, the moderator said, "Begin," and the subject would view the driving scene with their hands on the wheel, perform the visual event detection task, and perform the in-vehicle task. The word "Begin" also cued the computer operator to press the "Start" button and start counting the subject's glances to the in-vehicle display or controls relevant to the task. The tasks were presented in a random order, and the subject performed each task without assistance from the moderator. When the subject completed the task, he or she said, "Done." This cued the computer operator to press the "Stop" button, and ask the subject to provide the subjective ratings. This procedure was repeated until all scheduled tasks were performed.
THE STATIC NO-LOAD (STOPWATCH) PROCEDURE
This procedure was the same as that used for the Static Load procedure except that subjects were not required to view the videotaped driving scene or to perform the Visual Event Detection Task. They were seated in the stationary vehicle and asked to perform only the secondary task using the in-vehicle system. They were permitted to allocate undivided attention to a given secondary task.
POST-EXPERIMENTAL PROCEDURE
After the subject had completed all conditions, he or she was escorted back to the reception area to complete a final questionnaire, receive a debriefing form, and receive payment. Any final questions that the subject had were answered and the subject was escorted out.
PREPARATION OF DATA FOR ANALYSIS
The measures reported below include both successful and unsuccessful task trials (but not trials on which a vehicle system malfunctioned due to software or hardware issues). Preliminary control analyses (not shown) found little difference in the main results from excluding unsuccessful task completions. Therefore, to provide a more complete overview of performance, the successful and unsuccessful trials were combined into one large data set for the tabulation of the dependent variables.
Preliminary analyses examined the statistical distributions of the data. The data resulting from this experiment exhibited heterogeneity of variance. In particular, as the mean for a task became larger, the variances across subjects for that task also increased. Such a relationship is typical for variables (such as these) that are based on counts or times, which generally have a Poisson rather than normal distribution. Therefore, statistics designed for use with Poisson distributions were initially applied and compared with statistics suitable for use with normal distributions. No significant differences in results were found. Therefore, findings reported here are from the more familiar statistics, because they were robust to the non-normality exhibited by the underlying data distributions.
In preparing data for analysis, some limitations of the data for the Visual Event Detection Task were discovered. Subjects responded to the event lights with a press of the brake pedal. Because there was a slight grade to the roadway, there was some noise in the onroad event detection data that resulted from braking responses to control speed on the downhill grade. Careful post-processing of the data was successful in reducing this noise. 6 Also, direct and indirect glare from sunlight at times interfered with the visibility of the event lights, as reported by subjects and experimenters in the vehicle. This was particularly true when sunlight at certain angles behind the vehicle directly reflected off the lens of the hood light back into the driver's eyes. Furthermore, for tasks with short task completion times, sometimes no visual events were presented during task performance, and this led to less robust measures of percent misses and response times than expected for the front and side event measures for such tasks. Therefore, data from front and side visual events were combined in order to have a sufficient number of observations to compute the measures reliably. (Thus, this particular data set may not have had a sufficiently large number of object detection events to determine whether detection of peripherally located lights degraded more than detection of centrally located lights.) These limitations of the Visual Event Detection data in this particular study must be borne in mind as the findings are described.
In the analyses, mean values for each task were first computed (by averaging across the 12 subjects performing each task). The data were initially examined for younger and older groups separated. In general, correlation values between dependent variables were slightly higher for the younger group than older. However, all the major findings reported below were the same in either group. Therefore, the results reported here were calculated across the two age groups combined.
RESULTS
To assist with exploring and understanding the data, a series of univariate analyses were conducted and are the focus of this report. Such univariate analyses help establish a basis for understanding the relationships within the data and lay a foundation for the development of multivariate models in later studies. Due to the numerous dependent measures that were obtained in the study, multivariate analyses are the most appropriate long-term analytic technique.
Finally, because our interest here was in the correspondence of results obtained through different methods of assessment across a range of tasks, the focus in this report is on the methodologies that were compared (and not on specifics of individual tasks).
PREDICTING ON-ROAD MEASURES FROM STATIC Univariate Analyses
To examine the degree to which single measures obtained through Static Load testing could predict measures obtained from on-road driving performance testing, a series of univariate analyses were performed. The first series of analyses examined whether measures taken during on-road testing could be predicted from (Table  1) . 
As shown in It is useful that variables measured in a static setting relate strongly to those same variables measured in onroad driving conditions. This result is encouraging for the purpose of developing test techniques to support early product development activity. However, by itself, this result is not sufficient. It is also desirable that variables measured in a static setting have some relationship to actual driving performance as tested on the road. Therefore, in the second set of analyses, we explored the question of whether individual "proxy" measures from the static settings could successfully predict effects of secondary tasks on key driving performance measures (such as lane deviations, detection of visual events in the field of view, etc.). That is, for example, could objective measures of task completion time (or even a subjective rating of workload) predict lane deviations on the road?
Correlation coefficients were computed between the dependent variables measured in static settings and measures of driving performance (lane deviations, speed deviations, percent missed visual events, and response time to visual events), and these are shown in the "Stopwatch" and "Static Load" sections of Table 2 . All correlations in non-shaded cells were significant at the p = .05 level (R =. 55, df = 8, 1 tail), or better.
The relationship between the actual number of steps used to complete a task and measures of lane and speed deviations was particularly striking. (1) the process or processes through which drivers attended to object and events in on-road testing may be separate from the process or processes used to control vehicle position and speed, or (2) the data from the event detection measures were too noisy (due to the complexities noted earlier) to be well predicted by other variables.
To illustrate the typical relationships between the static and on-road measures, the subjective workload data underlying the correlations in Table 2 in the "Lane Deviations" column (bolded numbers) are plotted in Figure 2 . This graph depicts the relationship between ratings of subjective workload and lane departures for each of the three test methods. In addition, the results of univariate regression analyses performed on these data are shown there. The On-Road measures had the highest correlation for predicting on-road lane deviations (r = 0.98, df = 8, p < 0.000001). The static measures also did well at predicting on-road lane deviations (r = 0.92, df = 8, p < 0.0002). The slope and intercept for the Static Load method were not significantly different from the On-Road slope and intercept. However, the slope and intercept for the Static No Load (Stopwatch) methods were significantly different from the On-Road method. Table 2 : Correlation r of static and on-road measures with on-road driving performance variables. The test method is shown in the first column, and the corresponding measures in the "Dependent Variable" column. The on-road driving performance variables are shown in the four right-most columns. The correlation variables in bold are plotted in Figure 2 
REPLICATION
The on-road portion of this study was replicated in a second experiment with a separate group of 24 subjects, with the same demographics as the first group of subjects, and using the same vehicles. No static tests were run in this second experiment. Therefore, the task measures from the first group of subjects were used to predict the on-road test measures of the second group of subjects (now a between-subjects rather than withinsubjects prediction). The new correlations (shown in Table 3 ) are generally equal to or better than those found in the first group of subjects.
The correlations between a particular measure in the first experiment and the same measure taken in on-road testing in the second experiment (column 3 of Table 3 ) replicate well the correlations in Table 1 . The correlations between each measure in the first experiment and the lane and speed deviation measures from the second experiment (see Lane and Speed Deviation columns of Table 3 ) replicate well the overall pattern of the corresponding columns in Table 2 .
The correlations of static to on-road measures related to visual event detection (two rightmost columns of Table 3) were strikingly higher in this between-subject analysis than that in the within-subject analysis (two rightmost columns of Table 2 ). This finding may have been due to the fact that glare was less of a problem for this second group of subjects (due to the fact that the lights were shielded on every trial for this group of subjects). The reduction of glare for all test trials improved the strength of relationship between the static and dynamic measures. The presence of random variability in data rarely has such a large impact on the strength of relationships as that seen between the within-subject correlations for the event detection data (vs. that seen in the between-subjects comparison using data that were more free from glare problems). However, the nature of this detection task is such that there are few visual events to be detected per task, especially for short tasks, and/or tasks in which responses to the visual events were slow. Thus, when glare interfered with the visibility of one or more of the few events presented during one of these tasks, it substantially affected the measures (number of missed lights and response times to the lights).
The between-subjects correlations thus revealed that the impact of 'noise' due to glare in the within-subject study was greater on the previously reported correlations in the event measures in Table 2 than might have been expected. However, the correlations in Table 3 suggest that there is more value than initially thought in obtaining visual event measures in static settings as a means of predicting performance in a visual event task on the road. Table 3 : Correlations r of measures in the first group of subjects with the on-road test measures in the second group of subjects. The test method is shown in the first column, and the corresponding dependent variables in the "Dependent Measure" column. The third column ("Same As On-Road") shows the correlation r between each dependent measure in the first group of subjects vs. the same measure during On-Road driving by the second group of subjects. The correlations between static and on-road measures for the static methods in column 3 replicate those in Table 1 . The bottom rows in column 3 (for the test method labeled "On-Road") also show significant direct correlations between the measures of the on-road tasks for the first and second group of subjects. The correlations for on-road driving performance variables are shown in the four right-most columns. (These use the data for the new group of subjects for the On-Road test condition.) Note that the "Lane Deviations" and "Speed Deviation" correlations (columns 4 and 5) replicate well the correlations in Table 2 . The last two columns are the correlations for On-Road "% Missed Events" and On-Road "Response Time." These correlations improved dramatically when using the new on-road data, for almost all the static measures, likely due to reduced glare (see text). 
DISCUSSION
As was described in the Results, the correlations between on-road and static performance (for example, between frequency of unplanned lane deviations and rated subjective workload as in Fig. 2 ) were quite strong when task means were analyzed. These findings indicate that much can be done to gain insight into how secondary task workloads may affect driving performance even without costly simulators or drivable instrumented vehicles. To the extent that a static test setup can provide some emulation of dual task demands, such methods can contribute meaningfully to prediction of on-road performance results.
Further, as expected, the data demonstrated that there was a penalty for performing tasks concurrently in the dual task (Static Load) condition (e.g., subjective workload was rated more highly under the Static Load condition than in the Static No-Load condition, and more similarly to that experienced On-Road). Indeed, Static Load slopes and intercepts tended to be more closely related to On-Road slopes and intercepts than were the Static No-Load slopes and intercepts, as exemplified in Fig. 2 . This penalty-of-concurrence is of direct interest in the effort to understand when secondary tasks may interfere with driving performance. Thus, these findings lend support to the notion that a Static Load method may yield additional insight -beyond a method in which subjects allocate undivided attention to performance of the secondary task.
The Static No-Load results also showed strong predictive relationships to on-road performance. Thus, because the Static No-Load method is particularly simple to setup and administer, the use of Static No-Load testing as an early precursor to Static Load testing should not be dismissed, especially in the context of today's iterative product development cycles (in which a number of design-test-redesign cycles are executed).
Also, the fact that the simple measure of estimating number of steps to complete a visual-manual task (from a task analysis) was strongly related to lane deviations and speed deviations in an on-road test setting should not be overlooked. This relationship suggests that simple task analyses have important contributions to make at the earliest phases in product developmenteven before a software prototype of a system has emerged (both the Static No-Load and Static Load test methods require the use of a functioning software or hardware prototype).
While these data demonstrate that early and simple testing can provide predictive information about on-road performance, much work remains to be done. In particular, it is unclear to what extent on-road testing such as that used in this study will predict driver behavior in "real-world" driving. For example, the testing done here was conducted on a closed road of limited distance with intentional and apparent control of other traffic. Participants were directed to attempt completion of tasks within certain time/distance limitations. The consequences of failing to keep within a lane or maintain speed, etc., whether real or perceived, are likely to be different in the test environment than in real-world driving. Put another way, the on-road test methodology, for a variety of reasons, is neither designed nor wellsuited to measure self-regulation by drivers that may result in delaying or foregoing the doing of tasks felt to be excessively distracting or unsafe in real-world driving.
Also, though strong relationships between static and onroad measures are important, they do not imply that every measure examined here can be used to discriminate accurately between tasks that are "overloading" or "distracting" and those that are not. This research did not examine the ability of these measures to accurately distinguish "overloading" tasks from others. However, such classification accuracy is a central issue in the application of these measures, a point made effectively by Tijerina et al. (2000) . More work is needed on this and other issues, such as determining at what point on measures of driving performance (and also on surrogate measures like rated subjective workload) tasks should be deemed to interfere too excessively with driving (cf. Ref. 2). Once such points have been established, it will also be necessary to develop decision rules that may be applied in conjunction with these limits during product development. Such work would provide a basis for determining when to redesign a system, or when to lockout some of its features during driving. However, even in the absence of final answers regarding these issues, the research reported here indicates that there is nonetheless much useful work that can be done in the meantime using simple and early measurements to iteratively improve the design of secondary tasks and interfaces in terms of their effects on performance.
In considering the full set of results, it is important to note that not all variability in driving performance in the onroad test condition could be fully accounted for by the measures examined here. In particular, on-road object and event detection performance (as represented by the Visual Event Detection Task) was not as highly related to measures obtained in static conditions (though the correlations were definitely stronger once the methodology was refined to reduce glare). These findings suggest to us that future research will need to explore object and event detection much more completely than could be done here. After all, a driver's responsiveness to unexpected roadway events plays a key role in avoiding certain types of crashes -and it would be desirable to have experimental paradigms that could be used to evaluate the effects of multitasking on this very important element of driving performance. In addition, it is worth noting that the difficulties encountered in the use of the Visual Event Detection Task in this study (e.g., glare from the sun, variations in grade of the road, variations in task length, etc.) are likely to be encountered whenever a visual detection task of this type is used in any natural road environment. Thus, methodological changes to address such difficulties will likely be necessary for anyone attempting to apply this type of technique.
8 Indeed, such complexities may reflect similar complexities in real-world driving.
The occurrence of unexpected events on the road is inherently probabilistic, as is their possible co-occurrence with workload peaks and/or other factors that may jointly influence safety-related issues under certain conditions. As such, these complexities are perhaps less a matter of methodological error than they are representative of real complexities in the on-road driving environment that must be addressed in later research.
Finally, it is essential to reiterate that the research reported here applies only to tasks that are performed with visual-manual interfaces. There is thus a need for similar studies on voice-based interactions. In addition, these results do not necessarily imply that over a restricted range of task difficulty, correlations as strong as those found here would be obtained.
GENERAL DISCUSSION
The study above would suggest that static test methods could be used early in the development of in-vehicle information systems to predict on-road driving performance under test conditions of concurrent task loading. Based on the findings reported, we believe that an efficient and effective implementation of such methods can be incorporated into an iterative designand-test product development flow. In such a process, testing might follow a sequence in which analytic tools are first applied (even before a software prototype of a new system has been developed). Analytic tools might include such things as task analytic techniques and models (e.g., IVIS DEMAnD model described by Wierwille (2000) and Hankey et al. (2000) , or other models), or cognitive walkthroughs and structured checklists. After analytic work is completed, static noload tests could then be subsequently applied (as the first software prototypes are emerging), followed later by static load tests (which could be applied on more fully developed prototypes). Testing with static methods can be performed with virtual prototypes as well as system hardware and can be completed within a short period (as little as one week per test, depending on the number of tasks and subjects to be tested). Such efficiencies facilitate deployment of these methods during typical product development cycles for advanced electronic subsystems.
The fact that a number of on-road measures of performance in on-road testing can be well predicted by static tests should allow system developers to gain an early, though approximate, understanding of how the use of new systems may affect driving performance. It should thereby help them improve the design of tasks and interfaces toward more usable systems even now. Further, this research lends support to methods that might be used as a means of obtaining data with which to verify whether certain voluntary performance guidelines are met --such as those now under development in the U.S. by the Alliance of Automotive Manufacturers (Ref. 1).
FUTURE RESEARCH
This research pointed out important areas for future research: object and event detection during driving, classification-accuracy analyses, and metrics that can be usefully applied to voice-based interactions. Two additional areas of needed work are:
Multivariate and process models
The results of the study reported here lead us to believe that the development of multivariate models may hold significant promise for improving the strength of prediction for the effect of secondary concurrent task performance on driving. There is substantial collinearity among the measures we explored, and a number of appropriate multivariate techniques could profitably explore how to best predict on-road driving performance under such circumstances.
In addition, different measures appeared to be sensitive to different aspects of driving performance -and, as such, their usefulness as single independent predictors may be limited solely to the type of driving performance with which they are associated. We therefore conclude that the use of multiple measures of performance in a predictive tool may more fully capture the many ways in which drivinginterference can arise. However, it is also likely that models of the underlying processes through which drivers manage multiple tasks during driving are likely to be a necessary theoretical catalyst in the development of multivariate and other higher-level predictive approaches. For example, a theoretical framework for understanding attentional and other internal processes related to multitasking during driving could facilitate identification of the most appropriate set of variables for inclusion in multivariate models, in a top-down manner.
Exploring individual differences
Another issue that deserves further analytic and empirical work relates to the individual differences in performance within a task -as well as the differences in performance for a given subject from trial to trial. Although a complete treatment of this issue was beyond the scope of this paper, it is necessary to note that it appears quite important in applying these methods to be able to understand the individual differences of subjects for two reasons.
First, when trying to understand the implications of a new task for driver distraction, it may be important not only to understand whether a task (on average) is likely to interfere with driving performance, but also to understand whether there are particular individuals in the driving population who may experience significant interference (when the majority of drivers might not). This would raise many complex issues -which range from providing customer information, to training, to system access. One key to this set of issues may be in understanding individual differences and the role that they play in driving performance. Future research may reveal that individual differences in working memory size, breadth of visual attention, and supervisory attentional functions, coupled with measurements of the system and of task performance, will open up new vistas for improved predictive methods. In addition, as noted in the earlier Discussion, real world driving demands may affect the choices individual drivers make about whether, when and how to conduct discretionary tasks.
Second, because it is desirable to have test methods that are fast and efficient for use early in the product development process, there has been interest in the use of small samples of subjects (cf. Ref. 10). Unfortunately, making accurate estimates of individual differences from a small sample of people is difficult, if individual differences are too large. This point is important from a methodological point of view in developing tests for use in early product development cycles. The use of small samples may not be appropriate for understanding individual differences -unless or until the individual differences can be understood and in some way addressed more effectively. However, the use of large sample sizes is no "silver bullet" as an interim solution, because it adds significantly to both cost and time -and may mean that issues are discovered too late to be addressed during development or that tests cannot be run for lack of sufficient resources.
On the other hand, the current study found statistically significant results analyzing task means based on sample sizes of only 12 subjects per task, using the methodologies indicated. Also, studies looking at individual differences such as age and gender have found such differences to be smaller than the differences between types of user interfaces in different telematics systems (e.g., Young, 2001).
CONCLUSION
The issue of how best to test advanced in-vehicle information systems in light of such substantive technical issues is not straightforward. However, this complexity does not diminish the importance of building a strong scientific basis for understanding driver workload and task management, and for developing test methods and tools that are valid and reliable for use during product development. Nonetheless, what is clear from this study is that measures (analytic as well as measures obtained through static testing) can be used early in product development to gain insight into how a task's design and interface may affect driving. While not all aspects of driving (for example, object and event detection), are yet fully predictable by static data in the conditions reported here, much can be done now to improve task and interface design, even as further research is undertaken. We hope that this study will help facilitate the development and use of improved methods for assessing, understanding, and managing driver workload issues, and will also lead to more focused research in some of the areas identified above.
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DEFINITIONS Estimated Number of Task
Steps: The minimum number of task steps required to accomplish a task, as determined from a task analysis that was performed prior to data collection.
Actual Number of Task Steps:
The number of task steps actually used by a subject to perform a task, as counted by the moderator while the task was performed. A task step was defined to include any of the following: a press of a button by the test participant, or the execution of one rotary motion of the hand for a rotary knob.
4
Task Time: The time to complete a task from start to end. The computer operator recorded this variable by pressing a button when the task began and again when it ended.
Percent Successful Task Completion:
This measure represents whether the subject successfully 3 completed a task in 81 seconds (the time equivalent to driving the 0.9-mile course at 40 mph). A task was marked as unsuccessful if it were not completed by the end of the 81 seconds, or if the driver said "Done" before the 81 seconds but in fact had incorrectly completed the task (for example, tuning to the incorrect radio station). The dependent measure calculated was percent of subjects completing a task successfully. Unsuccessful task completions due to software bugs, crashes, or errors, or mechanical and electrical breakdowns of the prototype system under test, were not counted as driver failures, and are not reported here. If the prototype system so malfunctioned, the task was repeated. Data from it were only counted if it could be completed within three trials. If not, the dependent variable data were marked as "missing" for that task.
Subjective Workload: Three subjective rating scale questions (derived and modified from the NASA-TLX workload scales, Hart and Staveland, 1988) were used to assess the test participant's subjective experience of mental workload, frustration level, and time-sharing demand for each task (Table 3) . These scores were averaged to create a mean subjective workload rating for each task. Ratings were given by subjects at the conclusion of each task, in response to questions read by an experimenter. The rating scale definitions were provided in written form to the subjects at the beginning of the study and in the vehicle for reference when the vehicle was stopped. The subject reported his or her subjective impression on a scale from 1-100. The scales are shown in Table 3 .
Subjective Situation Awareness: A rating scale question was developed to be consistent with the same rating scale technique used for workload (above), to assess the subject's subjective experience of situational awareness during each task. The subject noted his or her subjective impressions of situational awareness on a scale from 1 -100 (Table 3 ). The rating was given by the subject at the conclusion of each task, in response to the question read by an experimenter. number of them). This variable was recorded for the Load and On-Road task performance conditions only.
Number of Lane Deviations:
A lane deviation was defined as occurring when any part of the vehicle appeared to the moderator to have crossed the right or left lane boundary during the performance of an invehicle task. The moderator counted lane deviations while the subject was performing an in-vehicle task in the On-Road condition. A forward video camera recorded the motion of the vehicle relative to the lane for more detailed analysis off-line, but the lane deviations as recorded by the moderators were sufficiently obvious that such backup was not required.
Number of Speed Deviations:
A speed deviation was defined as occurring when the speedometer, as read by the moderator, indicated a speed that exceeded 45-mph or dropped below 35-mph (since subjects were instructed to maintain a 40-mph speed during task performance). The moderator counted the number of speed deviations during the performance of each invehicle task. This measure was recorded for the OnRoad condition only. Again, a camera was focused on the speedometer and all data recorded for more detailed analysis off-line, but the speed deviations as recorded were sufficiently obvious that such backup was not required. 1 Roadside ravines on both sides of the highway meant that the driving experience was more challenging than on a simple closed-course test track or straightaway on which lane wander might have little practical consequence. 2 A number of companion studies (not reported here) were run before and during this study examining other variations on training and test methodologies. For the types of tasks reported here, these studies showed that additional training trials did not significantly change performance from that obtained using the basic single trial training methodology applied here. That is, the learning curve of proficiency vs. number of training trials remained essentially flat after one training trial for these tasks, using the training and test methods employed here. Other tasks (e.g., wayfinding with navigation system support) may not show such performance constancy over longer periods of training and experience. However, the tasks examined here did not appear to fall within the category of requiring extended practice or experience to achieve the peak proficiency that a given subject could achieve, under the training and test conditions employed here.
Training and experience, however, are important research issues for performance of in-vehicle tasks while driving, and should be further examined in future work. 3 A successful trial was defined as the subject reaching the goal of the task that he or she was asked to perform. "Success" was based solely on this criterion, and not on keeping within a lane, or detecting visual events. Success also did not require that the subject use the exact path to goal on which they were trained. For example, if the task was "Increase HVAC fan speed two notches," then success would be if the subject said "Done" when the fan speed was set at the second higher notch, however he or she got there. 4 "Actual number of steps to complete a task" was not tabulated onroad in the current study. 5 No closed-loop vehicle control was required of the subject. 6 As a control, all the data were analyzed separately for the uphill and downhill runs and there was no major difference in the results reported here. 7 The analytically derived measure of number of steps in a task is the same regardless of the condition under which the task is performed (since it is derived from a task analysis rather than from actual performance); hence r = 1 when comparing the analytic measure under any test condition. 8 As an alternative to the use of the brake pedal for responding to visual events, a floor-mounted switch operated by the driver's left foot was explored in subsequent work (not shown). This alternative eliminates the issues associated in this study with the use of the brake pedal for deceleration as well as responding to visual events. Also in subsequent work, three test trials immediately following each other (instead of only one) have been used successfully. This change permits better use of time driving to the next training area for those tasks that are short. The use of three trials also improves overall reliability of all measures. It also increases the probability that a light event will occur during at least one of the three trials for short tasks. Another improvement is to turn the light off, and initiate a new light sequence, once the time duration of the light exceeds the threshold for a missed event, if the subject has not pressed the response switch. This change enables the possibility that in the rare event that light(s) are not responded to at all in a long test trial, that the subject will show a more plausible number of misses than one. 9 Though this is a departure from the SAE J2396 Recommended Practice (Ref. 9) of including the leading rather than trailing transition in the glance duration, prior work has demonstrated little difference between durations measured with leading vs. trailing transitions. In large part this is due to the fact that the length of transitions from-roadto-device and from-device-to-road are essentially the same, and a large number of the transitions during task performance tend to be back-and-forth between road and device. Furthermore, inclusion of the leading transition can only be done during off-line video analysis of glances. This restriction is because at the time that a glance leaves the road (or site of the prior glance), it is not possible to know a priori where the next glance will land (or whether it will be on the in-vehicle system). Thus, it is only after a glance to an in-vehicle system occurs, that an analyst can identify the need to measure the prior transition as part of the glance to the in-vehicle device. The analyst must then stop the video, rewind to the beginning of the prior transition, and then proceed to measure the transition. However, for efficiency during short product development cycles, it is much faster and easier to score glances as was done here. In this method, the beginning of a glance to an in-vehicle system was identified at the point where the eyes come to rest on the in-vehicle device -and the end of the glance was identified as the point where the eyes come to rest on the next subsequently fixated area. The trailing transition is thereby automatically included as a part of the measured duration. Since both methods tend to yield similar results when studying glances during invehicle task completion, we elected to use the more efficient technique in this study.
